A viroid was isolated from symptomless Nematanthus wettsteinii plants using the return-PAGE method for analysis of low Mr nucleic acids. The RNA was transmitted to tomato, three cultivars of potato, and Scopolia sinensis plants by mechanical inoculation or by grafting. Infected solanaceous plants developed symptoms similar to those caused by potato spindle tuber viroid (PSTVd). The Nematanthus viroid consists of 372 nucleotides, 214 G+C, 158 A+U, with a G+C/A+U ratio of 1-35. One of seven cDNA clones showed a sequence heterogeneity (G to A) at position 73. The most stable secondary structure of this viroid has 78 G:C, 37 A:U and 11 G:U base pairs with a minimum free energy of-456.9 kJ. The viroid is closely related to the 370 nucleotide Columnea latent viroid. The Nematanthus viroid possesses regions of 100 % sequence identity with six viroids belonging to the PSTVd and apple scar skin viroid groups. The viroid also replicated in tomato plants when mixed with PSTVd. Tomato plants were cross-protected against PSTVd when preinfected with the viroid from N. wettsteinii.
Introduction
Potato plants become naturally infected with potato spindle tuber viroid (PSTVd); however they are susceptible to several viroids when infected experimentally (Singh, 1983) . PSTVd was eradicated from Canadian seed potato crops in New Brunswick (Singh & Crowley, 1985) and Prince Edward Island . So, it is of interest to determine whether ornamental plants grown and multiplied at establishments involved with disease-free potato seed production contain viroid-like pathogens and whether these viroids can infect potato plants.
Viroids infecting ornamental plants such as Coleus and Columnea have been reported. A viroid isolated from Coleus does not infect potato plants (Singh et al., 1991) . However a viroid from Columnea can infect solanaceous plants including potatoes (Hammond et al., 1989) . Many genera of the Gesneriaceae family consist of epiphytic plant species like Columnea. The epiphytes are subshrubs or vines of South American origin grown in hanging baskets in greenhouses and homes in North America. As they are propagated mainly through stem cuttings, they
The nucleotide sequence data for CLVd-N reported in this paper appear in the EMBL and GenBank databases under the accession number M93686.
can perpetuate viroid infection (and possibly transmission) indefinitely. In a limited survey of ornamental plants, a viroid infecting symptomlessly the epiphyte 'pouch flower', Nematanthus (Hypocryta) wettsteinii (Fritsch) H. E. Moore, was detected. In this paper, we report some biological and molecular properties of the viroid from N. wettsteinii. The viroid consists of 372 nucleotides (nt) and is 97.8% identical to the previously described, 370 nt Columnea latent viroid (CLVd) (Hammond et al., 1989) . Similarly to CLVd, the viroid from N. wettsteinii infects solanaceous plants including potatoes. Because of its close genetic relatedness to CLVd, the N. wettsteinii viroid is designated CLVd-N, to indicate a distinct strain of CLVd occurring naturally in plants within the Nematanthus species.
Methods
Viroid transmission to other hosts. A CLVd-N inoculum was prepared by grinding 1 g of Nematanthus leaves in 1 ml of glycine-phosphate buffer (0.05 M-glycine, 0.03 M-dibasic potassium phosphate, pH 9.2). The crude extract was used to inoculate mechanically Scopolia sinensis, tomato (Lycopersicon esculentum Mill.) cv. Sheyenne, and potato (Solanum tuberosum L.) cvs. Katahdin, Red Pontiac and Kennebec. Potato plants also were inoculated by dipping a blade in the inoculum and making a cut on the stem using the contaminated blade ('slashing'). The cut was repeated five times. Finally potato plants of the same cultivars were grafted with scions from infected Nematanthus plants.
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The plants were tested for viroid transmission by return PAGE (R-PAGE) (Singh & Boucher, 1987) 1, 2 and 3 months after mechanical or graft inoculation.
Viroid transmission through seed. The seeds obtained by selfpollination of CLVd-N-infected plants of potato cv. Katahdin, Sheyenne tomato and a species of Columnea were tested by R-PAGE (Singh et al., , 1991 individually or in groups of three, five, 10 and 15 for the presence of viroid.
Viroid interference and cross-protection experiments.
A mild strain (F-M) of PSTVd (Harold et at., 1992) and CLVd-N were extracted from tomato leaves, adjusted to equal concentration, and then used to inoculate three groups of tomato plants. The first group (10 plants) was inoculated with PSTVd, the second group with CLVd-N, and the third group was mock-inoculated with buffer. Five weeks post-inoculation (p.i.), five plants from the first group were challenge-inoculated with CLVd-N, and five plants from the second group with PSTVd. Mockinoculated plants were inoculated with CLVd-N or PSTVd to serve as controls. For another test, 30 tomato plants at the three-, five-and 10-leaf stages were inoculated with a mixed inoculum of PSTVd and CLVd-N. Inoculated plants were monitored for viroid infection by R-PAGE 6 to 8 weeks p.i.
Viroid purification. Leaves from N. wettsteinii and Columnea species naturally infected with the viroid were used. Nucleic acids were isolated as described (Singh et al., 1991) . Cellulose (CF-11) chromatography was used to remove pigmented material. Viroid extraction from tomato or S. sinensis leaf tissue was the same as above without the CF-11 step. The viroid was purified from host nucleic acids by R-PAGE (Singh & Boucher, 1987) . After preparative electrophoresis, a vertical gel strip (1 cm in width) was cut from the gel, stained with AgNO3, and aligned with the remaining gel to locate the position of the circular viroid RNA band. The band was cut out and electroeluted using an LKB 2014 Extraphor Electrophoretic Concentrator. The purified circular viroid RNA was dissolved in water.
eDNA cloning, sequencing and secondary structure analysis. CLVd-N was cloned following a recently developed protocol which utilizes Moloney murine leukaemia virus reverse transcriptase (Superscript, Bethesda Research Laboratories) and random hexamer DNA primers for the first-strand cDNA synthesis . The second strand was synthesized by employing the replacement synthesis method (Gubler & Hoffman, 1983) . The double-stranded circular cDNA was analysed for the presence of unique restriction enzyme sites and subsequently linearized with PstI or AvaI. The linearized cDNA was ligated to the corresponding sites of plasmid pGEM-3Zf(+) (Promega), and cloned in the Escherichia eoli strain DH5ct following standard protocols (Sambrook et al., 1989) . Supercoiled plasmids containing CLVd-N cDNA were sequenced using T7 DNA polymerase (Sequenase version 2) following the methods of Sanger et al. (1977) . A 19-mer complementary to the SP6 promoter (Promega) and a 20-mer complementary to the T7 promoter (US Biochemicals) were used to prime the sequencing reactions. Sequence comparison with other reported viroid sequences (retrieved from the EMBL and GenBank data banks) was carried out using PCGENE version 6.50 (Intelligenetics). Secondary structure analysis of the CLVd-N sequence was carried out using the RNA folding program MFOLD version 2 (Zuker, 1989) in a VAX computer (Digital Equipment Corporation).
Infectivity of viroid cDNA. The monomeric CLVd-N cDNAs were extracted following PstI or Aval digestion of recombinant plasmids and used for inoculation of tomato cvs. Sheyenne (in Fredericton, New Brunswick) and Rutgers seedlings (Lakshman & Tavantzis, 1992) . Plants were maintained under optimum environmental conditions for viroid multiplication (Singh, 1983) .
Results

Electrophoretic mobility of CLVd-N
The search for unknown viroids included electrophoretic analysis of low Mr nucleic acids from several plant species. Viroid-like RNA was detected only in samples from N. wettsteinii (Fig. 1, lane 8) . Plant extracts infected with different viroids of sizes ranging from 248 nt [Coleus blumei viroid (CbVd 1); Spieker et al., 1990 ] to 376 nt [citrus exocortis viroid (CEVd); Gross et al., 1982] were included in the survey experiments for comparison (Fig.  1, lanes 2 to 8) . Under R-PAGE conditions, the CLVd-N migrated slightly faster (comparing from the top of the gel) than PSTVd, but considerably more slowly than the 248 nt CbVd 1 (lane 7).
Transmission studies
Plants of tomato, S. sinensis and potato cvs. Katahdin, Kennebec and Red Pontiac, became infected by mechanical inoculation (30 infected plants out of 93 inoculated plants), by grafting (20 of 63), or by 'slashing' (three of 15). Infected plants developed characteristic macroscopic symptoms. In tomato, the symptoms consisted of leaves which were smaller than normal and which bunched together in the upper portion of the plant. Occasionally, mid-veins of leaves developed necrotic streaks. Infected plants were dwarfed significantly as compared with their non-inoculated counterparts. S. sinensis plants developed systemic necrotic spots and streaks in addition to premature leaf senescence. These symptoms were very similar to those incited by PSTVd in the respective hosts. In CLVd-N-infected potato plants, symptoms were mild. They appeared 3 to 4 weeks p.i., and consisted of leaves which were smaller than normal and stunting of the plants.
One-hundred true potato seeds of potato cv. Katahdin, 100 seeds of Columnea species and 20 seeds of tomato cv. Sheyenne, obtained from infected plants, did not contain CLVd-N when tested by R-PAGE. No attempt was made to test the seedlings raised from seeds of viroidinfected plants because R-PAGE tests using tomato and Coleus seeds and seedlings were in agreement (Singh et al., , 1991 .
Viroid interference and cross-protection
In tomato, interactions with PSTVd F-M and CLVd-N result in similar symptoms; therefore, delays in symptom appearance can not be used to determine viroid interference. Detection and quantification of viroid RNA bands by R-PAGE were used to study viroid PSTVd. CLVd-N" interactions in mixed infections. Plants inoculated with composite inocula containing both viroids became infected by both viroids irrespective of the growth stage at the time of inoculation. The concentrations of the two viroids were comparable (Fig. 2, lanes 2 and 3) . In crossprotection studies, when plants were infected with PSTVd F-M and then challenged with CLVd-N, the latter was detected 8 weeks p.i. (Fig. 2, lane 7) . By contrast, when plants were infected with CLVd-N and subsequently challenged with PSTVd F-M, the latter was not detected 8 weeks p.i., which was the longest time post-inoculation plants were tested (Fig. 2, lanes 8 and 9) .
Nucleotide sequence and most stable secondary structure
Sequencing of c D N A clones of CLVd-N revealed that it consists of 372 nt and is composed of 214 G + C , 158 A + U and has a G + C / A + U ratio of 1.35. In comparison to CLVd-N, the 359 nt PSTVd has a G + C content of 209 and A + U of 150, with a G + C/A + U ratio of 1.39 (Gross et al., 1981) . Only one of seven c D N A clones showed a sequence heterogeneity (G to A), at position 73. The most stable secondary structure of CLVd-N is shown in Fig. 3 . Sixty-eight percent of the nucleotides are base-paired (78 G :C, 37 A : U and 11 G : U ) and its minimum free energy is -4 5 6 . 9 kJ.
Sequence similarity to other viroids
Comparison of the CLVd-N sequence with that of other reported viroids revealed that CLVd-N is closely related to CLVd which possesses 370 nt (Hammond et al., 1989) . Of the 372 nt of CLVd-N, 362 nt match perfectly with those of the CLVd sequence. Interestingly, CLVd-N differs from the CLVd sequence in the lower P domain (UUC vs. U G U C U ) and in the upper V domain ( U G C C vs. ACG) (Fig. 3) . For a description of viroid domains, see Keese & Symons (1985) .
CLVd-N exhibited partial homology with many other viroids, belonging mainly to the PSTVd group (Koltunow & Rezaian, 1989) (Fig. 4) . The left terminal domain of CLVd-N is homologous to those of PSTVd (Gross et al., 1981) , chrysanthemum stunt viroid (CSVd) (Haseloff & Symons, 1981) , CEVd (Gross et al., 1982) , tomato apical stunt viroid (TASVd) (Kiefer et al., 1983) and apple scar skin viroid (ASSVd) (Hashimoto & Koganezawa, 1987) . The right terminal domain of CLVd-N is homologous to tomato planta macho viroid (TPMVd) (Kiefer et al., 1983) , TASVd and PSTVd. A 14 nt stretch of the CLVd-N R N A from the upper P domain is 100~o identical to the respective region of TPMVd, whereas a 12 nt segment from the lower P R. P. Singh and others Fig. 3 . Primary and secondary structure of CLVd-N. Differences in nucleotide sequence between CLVd-N and CLVd are shown in boxes. Two of the nucleotide differences (indicated by asterisks) were also reported in variants of CLVd (Hammond et al., 1989) . The only sequence heterogeneity among CLVd-N cDNAs was a G (73) •. domain is identical to the corresponding area of PSTVd, TPMVd and TASVd RNAs. Both the upper and lower parts of the central conserved region of CLVd-N are the same as the corresponding parts of the hop stunt viroid (HSVd) (Lee et al., 1988) .
Infectivity of CL Vd-N and cDNA clones
CLVd-N monomeric cDNA inserts from five clones obtained by PstI digestion and one clone recovered by AvaI digestion of the recombinant plasmids were used to inoculate tomato plants. All clones were infectious. 
Discussion
This study has shown that the viroid from N. wettsteinii, or CLVd-N, is a distinct strain of CLVd (Hammond et al., 1989) . Comparison of the nucleotide sequences of the two viroids revealed that 362 of 372 nt (97.8~) of CLVd-N are identical to those of CLVd which is composed of 370 nt (Hammond et al., 1989) . Interestingly, the nucleotide changes that distinguish CLVd-N from CLVd, in both the P and V domains, are in the regions unique to both viroids ( Fig. 3 and Fig. 4) . Portions of the two terminal domains and the lower part of the pathogenicity domain of CLVd-N are 100~ identical to the respective regions of PSTVd (Fig. 4 and Fig. 5 ) which may account for the interference in viroid replication observed in doubly infected plants (Fig. 2) . Specifically, plants infected with PSTVd and challengeinoculated with CLVd-N contained a lower concentration of the latter as compared with mock-inoculated plants that were then inoculated at a later stage with CLVd-N. Similar interactions have been observed between closely related PSTVd strains (Singh et al., 1989) . Interestingly, previous infection with CLVd-N prevented the establishment of PSTVd (Fig. 2) . This type of interference (cross-protection) also occurs between PSTVd strains in tomato (Singh et al., 1989) . CLVd-N caused symptoms in solanaceous hosts similar to those of PSTVd infection. However, unlike PSTVd, CLVd-N was not detected in seeds of potato or tomato.
We compared the nucleotide sequence of CLVd-N with all known sequences of other viroids. Our findings are in agreement with observations reported by Hammond et al. (1989) that CLVd (or the related CLVd-N) is composed of nucleotide sequences found in other viroids. Here we have extended the list of CLVd-N sequences that appear to be closely related to those of many other viroids, belonging mainly to the PSTVd group (with the exception of ASSVd which belongs to the ASSVd group) (Fig. 4 and 5) . The high degree of sequence identity among different viroids has been attributed to the creation of chimeric viroids through recombination (Hammond et al., 1989) . However the presence of identical sequences in particular domains (P, C and the two terminal domains) of CLVd-N and several other viroids from numerous phylogenetically unrelated natural plant hosts suggests that modern viroids orig-• inated from a common ancestor and were subjected to the effects of convergent evolution.
